Abstract -To avoid undesirable disconnection of healthy wind generators (WGs) or a wind power plant, a WG protection relay should discriminate among faults, so that it can operate instantaneously for WG, connected feeder or connection bus faults, it can operate after a delay for inter-tie or grid faults, and it can avoid operating for parallel WG or adjacent feeder faults. A WG protection relay based on the positive-and negative-sequence fault components is proposed in the paper. At stage 1, the proposed relay uses the magnitude of the positive-sequence component in the fault current to distinguish faults requiring non-operation response from those requiring instantaneous or delayed operation responses. At stage 2, the fault type is first determined using the relationships between the positive-and negative-sequence fault components. Then, the relay differentiates between instantaneous operation and delayed operation based on the magnitude of the positive-sequence fault component. Various fault scenarios involving changes in position and type of fault and faulted phases are used to verify the performance of the relay. This paper concludes by implementing the relay on a hardware platform based on a digital signal processor. Results indicate that the relay can successfully distinguish the need for instantaneous, delayed, or non-operation.
Introduction
To reduce the emission of greenhouse gases, the Kyoto Protocol on climate change represents a significant political and environmental international regimen [1] . Many countries are attempting to integrate increased amounts of renewable energy, such as wind, solar, bio-, and hydraulic energy, into their electrical networks, not only to meet the increasing demand for energy, but also to meet environmental goals. In addition, the World Wide Fund for Nature has released "The Energy Report [2] " outlining how the world can be powered by 100% renewable energy by 2050.
Among these renewable energy resources, wind energy has become the most promising alternative due to its significant technical advances and demonstrated financial viability over the last decade. The installed capacity of wind generators (WGs) reached 196.6 GW at the end of 2010, producing 430 TWh to the worldwide electricity supply [3] . In addition, a large-scale off-shore wind power plant (WPP) has been built to minimize production cost and adverse effects on the power system operation and stability. Korea has begun construction of a 2.5 GW offshore WPP on the western coast expected to complete in 2019.
As the penetration level of wind energy increases, more reliable protection systems for WGs and WPPs are required. Techniques for protecting a small WPP have been reported [4] [5] [6] . A source-based protection relay using a shaped directional operating characteristic was proposed in [4, 5] . The performance of a mho relay was quantitatively analyzed based on a sensitivity model for its operation margin [6] . These relays were installed at the point of common coupling, and with these if a fault occurred in the WPP, the entire plant would be disconnected.
Conventional protection relays for an individual WG were numerated [7, 8] . These methods employ over/under voltage, over/under frequency, instantaneous phase/neutral over-current for generator phase/ground faults, and inverse time phase over-current for generator overload. They can successfully protect a WG when an internal fault occurs. However, they are unable to detect a collector feeder fault or a collector bus fault and distinguish them from an intertie fault or a grid fault. In addition, they cannot distinguish between a connected feeder fault and an adjacent feeder fault. Thus, the outage zone can be wider than is necessary or desirable.
When a fault occurs, the outage zone should be minimized; this increases the availability of the WGs and reduces the negative impact on grid stability. To achieve this objective, the WG protection relay should operate instantaneously for a WG fault, connected feeder fault, or collection bus fault, and it should operate after a delay for an inter-tie fault or grid fault. In addition, the relay should remain stable for a fault on a parallel WG connected to the same feeder and for an adjacent feeder fault.
A WG protection algorithm using the magnitude of the positive-sequence fault component and the phase angle of the negative-sequence fault component was proposed [9] . The phase angle of the negative-sequence fault component is used to distinguish the fault type i.e., a single line-toground (SLG) fault or a three-phase (3P) fault; and then the magnitude of the positive-sequence fault component is used to decide if instantaneous operation or delayed operation is required. However, the algorithm can distinguish fault types into only the two types, i.e. an SLG or 3P.
The basic idea of a WG protection algorithm based on the fault-generated symmetrical components was proposed [10] . The proposed algorithm is composed of two stages. At stage 1, the magnitude of the positive-sequence fault component is used to discriminate a fault on a parallel WG connected to the same feeder, or on an adjacent feeder, from the other faults requiring an instantaneous or delayed tripping response. At stage 2, the algorithm employs an instantaneous directional algorithm using the positivesequence fault components to discriminate short-circuit faults internal to the generator from other faults. The type of fault is first evaluated using the relationships between the positive-and negative-sequence fault components. Then the magnitude of the positive-sequence fault component is used to decide between instantaneous or delayed operation. This paper describes the results of the extensive study of the WG protection algorithm [10] . The derivation of relationship between the fault-generated symmetrical components is included in this paper for fault type identification. To verify the performance of the proposed relay, various fault scenarios involving changes in the position and type of fault and the phases involved in the fault are modelled using an EMTP-RV simulator. In addition, this paper concludes by implementing the proposed relay into a hardware platform based on a TMS320C6701 digital signal processor (DSP). Fig. 1 shows a model of the 100 MW WPP studied in this paper. Ten medium voltage (MV) power collection feeders (22.9 kV) are connected to a collector bus, which is connected to the strong grid (345 kV) through a main transformer, substation bus, and parallel inter-tie lines. Five induction generators, each rated at 2 MW, are connected to each feeder through step-up transformers. All WGs are fixed-speed asynchronous squirrel-cage induction generators.
WPP Model and WG Relay Functions

Configuration of a WPP
In this paper, a fault current limiter (FCL) is assumed to be installed beside a circuit breaker (CB) on each feeder, as shown in Fig. 1 . The reason is as follows. Although the grounding impedance of the main transformer can limit the fault current for an SLG or double line-to-ground (DLG) fault, it is not effective for a line-line (LL) or 3P fault. Therefore, FCLs are often used in a large WPP to limit the fault current [11, 12] .
The characteristics of a fault current depend on the winding connection of a step-up transformer and substation transformer. A grounded-wye-delta transformer is used as a step-up transformer in a WG. This is because the delta connection provides isolation of a WG from the zerosequence behavior of the collector feeder, and the grounded-wye connection provides a solid ground for the low-voltage side of the WG [13] . A grounded-wyegrounded-wye transformer with a delta tertiary, which is mostly used as a substation transformer [14] , is modeled in this paper.
Required WG relay functions
This subsection describes the WG (i.e., WG 11 , connected to Feeder I) protection relay's functions to minimize an outage zone. Table 1 shows the functions that the WG Non-operation protection relay should have. The cases F1-F10 illustrated in Fig. 1 show the fault positions. F1 depicts a case of an internal fault of the WG 11 , while F2 and F3 depict cases of connected feeder faults. F4 depicts a collector bus fault. In the cases F1-F4, the relay for the WG 11 should operate instantaneously.
F5 depicts an inter-tie fault. In this case, the WG relay operation depends on the configuration of the inter-tie, single-, or multiple-lines. The relay for WG 11 for a singleline should operate instantaneously. However, for multiplelines, the relay should detect the fault and operate with a delay. In this paper, the configuration of the inter-tie assumes multiple-lines, which is necessary for a large WPP. Thus, the WG relay should operate with a delay. The delay time should be determined considering the coordination time between the corresponding relays.
F6 indicates a grid fault, which is located far from a WG. Modern grid codes in many countries require that a WG or WPP protection relay should have a low voltage ridethrough (LVRT) capability in this case. Therefore, the WG relay should be carefully designed to have LVRT capability that considers the grid codes of each country.
F7 depicts an internal fault on another WG (WG 15 ) connected to the same feeder. In this situation, the relay for WG 15 should operate instantaneously, while the relay for WG 11 should not operate. F8-F10 depict adjacent feeder faults, including an internal fault of a WG connected to an adjacent feeder, for which the relay for WG 11 should not operate.
Protection Relay for a WG based on Positiveand Negative-sequence Fault Components
This paper uses the fault component of the current at the relaying point, which is defined as the fault-generated current, instead of the measured current at the relaying point. The fault component of the current at the relaying point is obtained by subtracting the load current from the measured current after the fault inception. It can be assumed that the magnitude of the load current during a very short period (e.g., two or three cycles) after the fault inception remains the same as that prior to the fault. In this paper, the fault component of the current is calculated by subtracting the load current from the measured current at the relaying point during the fault, as in [15] .
The proposed algorithm is composed of two stages. At stage 1, the magnitude of a positive-sequence fault component is used to distinguish F7-F10 faults from F1-F4 and F5/F6 faults. At stage 2, F1-F4 faults are distinguished from F5/F6 faults. First, the fault direction is discriminated using an instantaneous directional algorithm based on the positive-sequence fault components to distinguish F1 faults (forward faults) from F2−F4 and F5/F6 faults (backward faults). Then, the type of fault, i.e., SLG, LL, DLG, or 3P, is evaluated using the relationships between the positive-and negative-sequence fault components, which depend on the type of fault. Finally, the magnitude of the positivesequence fault component is used to decide on either instantaneous operation (F2-F4 faults) or delayed operation (F5/F6 faults). In this stage, the magnitude of a positive-sequence fault component is used to distinguish faults at F7-F10 from those at F1-F4 and F5/F6. When a fault occurs at F7-F10, the relay for a WG connected to the healthy feeder would "see" the fault through its step-up transformer and the FCL installed at the faulted feeder. The impedance seen for the fault from the WG is so large that the fault current flowing out is limited to a small value, which is similar to a normal load current. The threshold K ini can be decided based on fault analysis of the studied system.
On the other hand, the relay for another WG connected to the faulted feeder would "see" the fault only through its step-up transformer. For this reason, the magnitude of a positive-sequence fault component is increased significantly.
Consequently, an internal fault of another WG connected to the same feeder or an adjacent feeder, for which the relay should not operate, can be discriminated successfully based on the magnitude of the positive-sequence fault component.
Stage 2: Distinguishing F1-F4 faults (Instantaneous operation) from F5/F6 faults (Delayed operation)
In this stage, the proposed relay discriminates F1-F4 faults (instantaneous operation) from F5/F6 faults (delayed operation). Among these faults, only F1 faults are forward faults while the other faults, i.e., F2−F4 and F5/F6 faults, are backward faults. To do this, a directional algorithm based on the positive-sequence fault components [15] is used.
For a forward fault, the phase relationship between the positive-sequence fault components at the relay location is:
where V Raf + and I Raf + are the positive-sequence fault components.
For a backward fault, the phase relationship is:
Considering the errors involved in the measuring process and the sensitivity of the relay, the criteria for a forward fault and backward fault are set as: 
where δ, the blocking angle, is set to be 30° in this paper. The magnitude of a fault current depends on the distance from the relaying point for the same type of fault. However, a fault current of a 3P fault at a distant location can be larger than that of an LL fault at a closer position. For example, the fault current for the F5_3P fault can be larger than that of F4_LL fault. Thus, to decide whether the fault from the relaying point is far or close, fault type classification is necessary. In this paper, the fault type is evaluated first to clearly discriminate F2-F4 faults (instantaneous operation) from F5/F6 faults (delayed operation).
Conventionally, the zero-sequence current has been used to distinguish the grounded fault and phase-to-phase fault. However, it is unable to evaluate the four kinds of fault types, i.e., SLG, LL, DLG, and 3P. In addition, the zerosequence current does not flow through the relaying point due to the grounded-wye-delta connection of the step-up transformer of a WG, as shown in Fig. 1 .
Thus, in this paper, an algorithm to evaluate the type of fault based on the positive-and negative-sequence fault components at the relaying point is proposed. Fig. 2 shows the sequence-network connections for four types of faults. In Fig. 2 , a solid line indicates the corresponding WG and a dotted line indicates the other WGs, collector feeder, and transmission system.
For an SLG fault
In Fig. 2a , I Raf + and I Raf − are the positive-and negativesequence fault components at the relaying point, respectively. I Faf + , I Faf − , and I Faf 0 are the positive-, negative-, and zero-sequence fault components at the fault point, respectively. It is well known that the relationship between the symmetrical components of the fault current at the fault point is:
where K is 1, 1∠-120° or 1∠120° for the faulted phase of phase A, phase B, and phase C, respectively. Phase A is selected as a reference frame [16] . From the positive-and negative-sequence networks, the relationships between the fault components of the relaying point and the fault point are:
Raf Faf
where both K + and K − are vector coefficients that depend on the positive-and negative-sequence networks. It can be assumed that K + equals K − , since the positive-and negative-sequence networks have the same topology. From (5-7), the relationship between the positive-and negative-sequence fault components at the relaying point can be given as:
Eq. (8) can be rewritten in terms of magnitude and phase angle as:
Raf Raf
Considering the phase angle shift (60°) of a step-up transformer, the phase angle difference (θ diff ) can be represented by:
60 , 60 or 180
In conclusion, when an SLG fault occurs at F2−F6, |I Raf + | is equal to |I Raf − |, and θ diff is 60°, −60°, or 180°, depending on the faulted phase.
For an LL fault
In Fig. 2b , the relationship between the symmetrical components of the fault current for an LL fault is given by:
where K is 1, 1∠-120°, or 1∠120° for a B-C-phase, C-Aphase, or A-B-phase LL fault, respectively. The relationships between the fault components of the relaying point and the fault point are the same as (6) and (7). Substituting (6) and (7) into (12) gives:
Eq. (13) can be interpreted as:
180
Considering the phase angle shift effect of a step-up transformer, θ diff can be calculated by: 180 , 60 or 60
In conclusion, when an LL fault occurs at F2−F6, |I Raf + | is equal to |I Raf − |, and θ diff is −120°, 120°, or 0°, depending on the faulted phase.
For a DLG fault
For a DLG fault, the relationship between the symmetrical components of the fault current can be given by:
where K is 1, 1∠-120°, or 1∠120° for a B-C-phase, a C-A-phase, or an A-B-phase DLG fault, respectively. The zero-sequence component of the fault current at the relaying point does not exist due to the connection of a step-up transformer. Thus, (17) cannot be used directly.
For a zero-sequence network, the equivalent impedance can be approximated as that of an FCL.
The negative-sequence network is composed of parallel connection of two groups, i.e., group A and group B in Fig.  2c . The equivalent impedance of group A depends on the number of included WGs, and it can be assumed to be the negative source impedance of a WG divided by the number of WGs. On the other hand, the equivalent impedance of group B can be assumed to be the impedance of an FCL, because it is larger than the impedance of the transmission system and smaller than that of the WGs. Since the equivalent impedance of group B is even smaller than that of group A, the equivalent impedance of the negativesequence network can be assumed to be the impedance of the FCL.
Consequently, the equivalent impedance of a negativesequence network can be regard as that of a zero-sequence network, and the following relationship of (18) is valid.
Substituting (18) into (17) gives:
Faf Faf
In a general case, the coefficient "2" of |I Faf − | can be replaced by scalar coefficient g, i.e.:
where g is approximately 2, depending on the topologies of the negative-and zero-sequence network. Consequently, for a DLG fault, the relationship between the fault components at the relaying point can be obtained by:
Thus,
In conclusion, when a DLG fault occurs at F2−F6, |I Raf + | is larger than |I Raf − |.
For a 3P fault
When a 3P fault occurs, there are no negative-and zerosequence components flowing through the fault point. Consequently, there is also no negative-sequence fault component flowing through the relaying point. Table 2 summarizes the relationships of the symmetrical currents at the fault point and the relaying point for four types of faults. Since the type of fault is evaluated, the faults at F2-F4 can be distinguished from F5/F6 based on the magnitude of the positive-sequence fault component.
Consequently, the WG relay can decide on delayed operation or instantaneous operation.
Case Studies
To verify the performance of the proposed algorithm, a WPP is modeled using the EMTP-RV simulator, as shown in Fig. 1 . The configuration of the WPP was mentioned in Section 2, and the system frequency is 60 Hz. The sampling rate is 32 samples/cycle, and the voltage and current are passed through the first-order low-pass RC filter with a cutoff frequency of 960 Hz (half the sampling frequency).
The performance of the algorithm is verified under various fault conditions involving changes in the fault positions, the types of faults, and the faulted phases. Results for four of these cases are shown in this paper: an SLG fault at F3, an SLG fault at F1, an SLG fault at F5, and a DLG fault at F5. Fig. 3 shows the results for this case, where an A-phase SLG fault occurs at Feeder I at 33.33 ms. Fig. 3a indicates the currents, i a_WG11 (solid), i b_WG11 (dashed), and i c_WG11 (dotted), measured at the terminal of WG 11 . Fig. 3b shows i a_WG21 , i b_WG21 , and i c_WG21 . In Fig. 3c , the solid and dashed At stage 1, faults at a parallel WG connected to the same feeder or an adjacent feeder are distinguished from the other faults at a connected feeder, an inter-tie, or a grid. For reliable operation, stage 2 starts if |I a_WG11 + | is larger than K ini for four consecutive samples (2.08 ms). K ini , which is determined via the fault analysis, is set to be 1 in this paper. In this case, |I a_WG11 + | exceeds K ini at 4.69 ms after a fault inception while |I a_WG21 + | does not. This is because |I a_WG21 + | is limited by the large impedance of an FCL and a step-up transformer because a fault occurs at Feeder I. Therefore, WG 11 relay enters stage 2 at 6.77 ms after a fault inception while the WG 21 relay remains stable. This means that the proposed protection algorithm does not operate for an adjacent feeder fault.
Case 1: A-phase SLG fault at F3 (F3_AG)
At stage 2, the fault direction is determined first. In this paper, to avoid maloperation during the transient state, the fault is judged to be a backward fault if θ direction remains in the region of [30°, 150º] for four consecutive samples. As shown in Fig. 3d , θ direction enters the operation region at 7.56 ms after a fault inception. Thus, the fault direction is decided as backward at 9.64 ms after a fault inception. In this paper, to determine the fault direction, θ direction is used only after |I a_WG11 + | exceeds K ini . Thus, θ direction at stage 2 is shown.
After fault direction determination, to identify the fault type, we check which condition is satisfied among the four conditions in Table 2 for four consecutive samples. For an SLG and an LL fault, |I a_WG11 + |/|I a_WG11 − | is one; for a 3P fault, it is infinite, and for a DLG fault, it is larger than one. In addition, for an SLG fault, θ diff is either 60°, −60°, or 180°, while for an LL fault, θ diff is either 0°, −120°, or 120°.
As mentioned above, for an SLG fault, |I a_WG11 + |/| I a_WG11 − | should be one. However, as shown in Figs. 3c and 3f, |I a_WG11 − | is slightly larger than |I a_WG11 + | after a fault. That is because after the fault inception, |I a_WG11 + | is decreased after reaching its peak value due to the decay of rotor flux whilst |I a_WG11 − | remains stable [17] . Thus, after a fault, |I a_WG11 + |/|I a_WG11 − | is less than one (see Fig. 3e ). Hence, it can be judged to be either an SLG or an LL fault. In addition, as shown in Fig. 3g , θ diff slightly decreases as time goes on. However, it is near 60°, so the fault type can be identified as an A-phase SLG fault. This is because the fault type is classified if the condition is satisfied for only four consecutive samples. |I a_WG11 + |/| I a_WG11 − | and θ diff after fault direction determination are shown in Figs. 3e and 3g ; note that fault type identification only starts after fault direction determination.
In this paper, the different thresholds corresponding to the four fault types are used to decide on either an instantaneous or delayed trip signal. The threshold values are obtained via the fault analysis. The threshold for an SLG fault, K SLG , is set to be 2. The instantaneous trip signal is activated if |I a_WG11 + | exceeds the threshold for four consecutive samples. |I a_WG11 + | exceeds K SLG , and consequently the instantaneous trip signal is activated at 13.81 ms after a fault inception (see Fig. 3h ).
The results indicate that the proposed WG protection relay can operate instantaneously for a connected feeder fault and remain stable for an adjacent feeder fault.
Case 2:
A-Phase SLG fault at F1 (F1_AG) Fig. 4 shows the results for Case 2, where an A-phase SLG fault occurs at WG 11 at 33.33ms. In this case, |I a_WG11 + | exceeds K ini at 2.35 ms after a fault inception while |I a_WG21 + | does not, as seen in Fig. 4c . This is because |I a_WG21 + | is significantly limited by the large impedance of an FCL and step-up transformers because a fault occurs at F1. Therefore, WG 11 relay enters stage 2 while the WG 21 relay remains stable. At stage 2, the fault direction is determined. As shown in Fig. 4d , θ direction enters the operation region at 6.25 ms after a fault inception. Thus, the fault direction is decided as forward at 8.33 ms after a fault inception. Then, the fault is decided as an internal fault, and the instantaneous operation signal is activated, as shown in Fig. 4e .
The results indicate that for an internal fault of a WG, an instantaneous operation signal is activated successfully.
Case 3:
A-Phase SLG fault at F5 (F5_AG) Fig. 5 shows the results for Case 2, where an A-phase SLG fault occurs at the inter-tie at 33.33 ms. In this case, the WG 11 protection relay should operate with a delay. At stage 1, |I a_WG11 + | exceeds K ini at 8.08 ms after a fault inception. At stage 2, the proposed protection algorithm identifies the fault as an SLG fault using the same procedure as in Case 1. However, |I a_WG11 + | does not exceed K SLG due to the impedance of the main transformer in the substation. Thus, the trip signal is activated at 316.17 ms after a fault inception (Fig. 5f ). In this paper, the coordination time is set to be 300 ms, which is commonly used in Korean power system protection.
The results indicate that for an inter-tie fault, a delayed operation signal rather than an instantaneous operation signal is activated successfully. Fig. 6 shows the results for Case 3; this is identical to Case 2 except for the fault type. At stage 1, |I a_WG11 + | exceeds K ini at 5.21 ms after a fault inception, and thus the WG 11 protection relay enters stage 2.
Case 4: DLG fault at F5 (F5_BCG)
At stage 2, for a DLG fault, |I a_WG11 + |/|I a_WG11 − | should be larger than one. As shown in Fig. 6c , a peak exceeding two is seen at 10.42 ms after a fault inception. This is because |I a_WG11 − | temporarily reduces to its minimum value, while |I a_WG11 + | keeps increasing. |I a_WG11 + |/|I a_WG11 − | decreases after the peak due to the decrease of |I a_WG11 + | but is still larger than one. Thus, the fault type is identified as a DLG fault.
Next, |I a_WG11 + | is compared with K DLG instead of K SLG , which is set to be 3.5 in this paper. As seen in Fig. 6b , |I a_WG11 + | does not exceed K DLG . Consequently, the trip signal is activated at 312.27 ms after a fault inception, considering the 300 ms coordination time (Fig. 6e) .
The results indicate that the proposed WG protection relay can successfully distinguish between an instantaneous and delayed operation, irrespective of the type of fault.
Hardware Implementation
This Section shows the results obtained when the proposed WG protection algorithm was implemented on a hardware platform based on a TMS320C6701 DSP (Fig. 7) . The three voltages and three currents generated by EMTP-RV are converted into analog signals using a PCI 1724 U D/A board. The signals are then passed through first-order RC filter (f c = 960 Hz) to the 16-bit A/D converters operating at a sampling rate of 32 s/c. Fig. 8 shows the results obtained when the hardware implementation was evaluated using the voltage and current signals described in Case 1. The results are very similar to those shown in Fig. 3 and as expected the proposed relay operates instantaneously and the trip signal is activated.
Conclusions
A WG protection relay based on the positive-and negativesequence fault components is proposed in this paper. At stage 1, faults requiring an instantaneous or delayed operation are discriminated from those requiring non-operation based on the magnitude of the positive-sequence fault component. At stage 2, after fault direction determination, either instantaneous or delayed operation is decided based on fault type classification using the relationships between the positive-and negative-sequence fault components.
The performance of the proposed WG protection relay was verified using EMTP-RV generated data. The results indicate that the proposed protection relay can successfully distinguish among instantaneous, delayed, or non-operation for fault positions, irrespective of the type of fault and the faulted phases. To investigate the feasibility of building a commercial relay, a prototype relay was constructed using a DSP based hardware platform and tested using a relay test set. Results described in the paper, show that a prototype relay, based on the described protection algorithm, successfully operate instantaneously for a connected feeder fault.
This paper shows only the results for a WPP consisting of induction generators. However, for a WPP consisting of other types of generators, a WG protection relay should be developed considering the characteristics of the WGs during the transient state. The proposed relay can minimize the outage zone and thus undesirable disconnection of WPPs or healthy WGs can be avoided. 
